INTRODUCTION
============

The metabolic properties of cancer cells are different from those of normal cells in that their metabolic machineries are rewired to the demands of growth and survival. This metabolic reprogramming supports the increased production of metabolic intermediates for the synthesis of cellular building blocks and signaling molecules, and has been suggested to a new emerging hallmark of cancer.[@b1-jcp-21-209] The most prominent metabolic alterations in cancer are a high rate of glucose uptake and the use of aerobic glycolysis, called the "Warburg effect", first explored by Otto Warburg et al.[@b2-jcp-21-209] in 1920s. Lipids are energy-rich molecules that serve as major sources of fuel for the cellular metabolic processes. Lipid metabolism, in particular fatty acid (FA) metabolism, is tightly linked to those of glucose and glutamine, since both stimulate FA synthesis by providing substrates, such as acetyl-coenzyme A (acetyl-CoA) and NADPH, as well as cell growth and proliferation.[@b3-jcp-21-209],[@b4-jcp-21-209] Medes et al.[@b5-jcp-21-209] first demonstrated that FA synthesis occurs at very high rates in cancer tissues, and Ookhtens et al.[@b6-jcp-21-209] showed that cancer cells generate almost all their cellular FAs through de novo biosynthesis. In the last decades, accumulating evidences suggested that the deregulated lipid metabolism has been recognized as one of the most common properties of cancer cells. Like glucose metabolism, lipid metabolism has been associated with cellular proliferation, energy storage, and the generation of signaling molecules, and is believed to be pivotal in the development of cancer.[@b7-jcp-21-209]--[@b10-jcp-21-209] Especially the elevated de novo FA synthesis is one of most prominent aberrations of cancer-associated lipid metabolism. Therefore, targeting lipid metabolic reprogramming might represent a promising strategy in cancer therapy. In this review, we have discussed some of the evidence implicating deregulated lipid biosynthesis in cancer, focusing on key metabolic enzymes in FA synthesis and mobilization. With this focus, we have summarized several anticancer drugs in preclinical trials or under development that are based on targeting altered lipid metabolic pathways in cancer.

MAJOR METABOLIC PATHWAYS OF LIPID BIOSYNTHESIS
==============================================

Lipids are hydrophobic molecules which serve as important building blocks of biological membranes. They are used in energy metabolism and storage, and have important roles as signaling molecules in the regulation of numerous biological processes. The majorities of adult mammalian tissues satisfy their lipid requirements through the uptake of lipoproteins and free FAs from the bloodstream. De novo FA and cholesterol biosynthesis are restricted to a subset of tissues, including liver, adipose tissue, and lactating breast.[@b11-jcp-21-209] Most lipids are synthesized from FAs, a diverse class of molecules consisting of carboxylic acid with long aliphatic chains of different lengths and degrees of desaturation. The important metabolic intermediate that provides the substrate for FA and cholesterol biosynthesis is an acetyl-CoA, which is produced through different pathways ([Fig. 1](#f1-jcp-21-209){ref-type="fig"}). Under aerobic conditions, pyruvate is converted by the enzyme pyruvate dehydrogenase into acetyl-CoA, which enters into tricarboxylic acid (TCA) cycle. Acetyl-CoA is also generated from citrate by cytoplasmic ATP-citrate lyase (ACLY), which cleaves citrate into acetyl-CoA and oxaloacetate. Malonyl-CoA is formed by carboxylation of acetyl-CoA by acetyl-CoA carboxylase (ACC). Acetyl-CoA and malonyl-CoA are then used as the substrates for the production of palmitate, the initial product of FA synthesis, by the multifunctional enzyme fatty acid synthase (FASN).[@b12-jcp-21-209] Palmitate is further elongated by elongase family (elongation of very long chain fatty acid, ELOVL) and desaturated by stearoyl-CoA desaturase (SCD) to produce diverse spectrum of saturated and unsaturated FAs.[@b13-jcp-21-209],[@b14-jcp-21-209]

FAs can be used to generate many different types of lipids. FAs are converted into diacylglycerol (DAG) and triacylglycerol (TAG) via the glycerol phosphate pathway, which uses the glycolytic intermediate glycerol-3-phosphate to form the glycerol backbone of these lipids. TAGs are mainly used for energy storage in the form of lipid droplets. Cholesterol, a member of sterol lipids, is a structural component of cellular membranes and plays an important role in membrane dynamics and function. Cholesterol is synthesized from acetyl-CoA via the mevalonate pathway. Acetyl-CoA is first converted into acetoacetyl-CoA and then into mevalonate by 3-hydroxy-3-methly glutaryl (HMG)-CoA synthase and HMG-CoA reductase, respectively. The subsequent conversion of mevalonate to cholesterol involves the coordinated action of numerous enzymes which are part of this pathway.

ABERRANT LIPID METABOLISM IN CANCER
===================================

1. Fatty acid synthesis
-----------------------

Cancer cells increase FA biosynthesis to satisfy requirement of lipids for the synthesis of membranes and lipid signaling molecules to trigger cell proliferation leading to malignancy. In addition, cancer cells frequently contain higher lipid accumulation in the form of lipid droplets than that of normal cells. Citrate from TCA cycle in the mitochondria is converted to malonyl-CoA by the action of the enzymes ACLY and ACC ([Fig. 1](#f1-jcp-21-209){ref-type="fig"}). ACLY is a rate-limiting enzyme and converts mitochondria-derived citrate into acetyl-CoA, which serves as an important precursor for de novo FA synthesis. ACLY is reported to be upregulated in a number of human cancers, including glioblastoma, ovarian cancer, and colorectal cancer,[@b15-jcp-21-209]--[@b17-jcp-21-209] and the inhibition of ACLY reduced cancer cell growth both in vitro and in vivo.[@b18-jcp-21-209] In addition to lipogenesis, ACLY has been found to regulate cellular senescence. The suppression of ACLY in primary cells activates AMP-activated protein kinase (AMPK) which may lead to the activation of tumor suppressor p53, ultimately leading to cellular senescence.[@b19-jcp-21-209]

An important step in FA synthesis is the carboxylation of acetyl-CoA in the cytoplasm to form malonyl-CoA. This reaction is catalyzed by ACC, especially ACCα, which acts as another rate-limiting enzyme in FA synthesis. Chajès et al.[@b20-jcp-21-209] showed that ACCα is essential to survival of cancer cells. Silencing of ACCα in breast cancer cells results in the induction of apoptosis which may associated with depletion of the cellular pool of FA.

FASN which catalyzes successive condensation reactions in the de novo FA synthesis has been identified as an oncogenic antigen 519 (OA-519) in aggressive breast cancer.[@b21-jcp-21-209] FASN might be the most studied FA metabolic enzyme with respect to cancer. Increased FA synthesis due to the increased levels of FASN has been reported in many types of cancers, including prostate, breast, and other types of cancers,[@b11-jcp-21-209],[@b22-jcp-21-209],[@b23-jcp-21-209] and the high expression and activity of FASN correlated with a poor prognosis in cancer patients.[@b24-jcp-21-209] Recently, Wu et al.[@b25-jcp-21-209] showed that cancer cells overexpressing FASN are associated with resistance to DNA-damaging anticancer drugs. Although the exact mechanisms of FASN-mediated drug resistance are not yet clear, they suggest that FASN might contribute to the drug resistance by up-regulating the expression of PARP-1, which in turn activates DNA repair pathways.

SCD catalyzes the critical committed step in the synthesis of monounsaturated FAs from saturated FAs. Monounsaturated FAs are important components in membrane phospholipids, as well as the precursors of DAG, TAG, and cholesterol esters. Changes in physical properties of FA and lipid composition can affect membrane fluidity, signaling, and cellular activities. Two isoforms of SCD, SCD-1 and SCD-5, have been identified in human. SCD-1 is highly expressed in oncogene-transformed lung fibroblasts and cancer cells, and its importance for cancer lipid metabolism has been increasingly recognized.[@b26-jcp-21-209]

In addition to key enzymes involved in FA synthesis, transcriptional regulators responsible for their expressions are also deregulated in cancers. The important transcriptional activators for FA synthesis are sterol regulatory element-binding proteins (SREBPs).[@b27-jcp-21-209] SREBPs, a family of three basic helix-loop-helix-leucine zipper transcription factors, regulate lipogenic processes by binding SREs and E-box sequences in the promoters of their target genes including ACLY, ACCα, FASN, and SCD-1.[@b28-jcp-21-209] The aberrant activation of SREBPs and induction of their target genes have also been involved in cancer development.[@b29-jcp-21-209],[@b30-jcp-21-209]

Acyl-CoA synthetase (ACS), also known as FA-CoA ligase, catalyzes the conversion of long-chain FA to acyl-CoA. This reaction is a critical step in some lipid metabolic pathways, including phospholipid synthesis, lipid modification of cellular proteins, and FA oxidation. Mammals have five ACS isoforms and also have FA transport proteins with ACS activity. Different types of ACS isoforms, ACSL4 and ACSL5, have been found to be upregulated in colon cancer and glioblastoma, respectively.[@b31-jcp-21-209],[@b32-jcp-21-209] These evidences suggest that ACSs are significantly involved in cancer cell proliferation and survival.

2. Fatty acid oxidation
-----------------------

Unlike FA synthesis, FA oxidation, also known as β-oxidation, in cancer cells remains largely unknown. However, several lines of evidence demonstrated that the degree of FA oxidation contributes cancer metabolic transformation.[@b30-jcp-21-209] For FA oxidation, FA-CoA, the activated FA, has to be transported from cytosol across the mitochondrial membrane after it is converted to FA carnitines by carnitine palmitoyltransferase 1 (CPT1). Zaugg et al.[@b33-jcp-21-209] showed that a CPT isoform CPT1C is overexpressed in many human cancer cells, and the suppression of CPT1C reduces cell growth in vitro, as well as new tumor formation in vivo.

3. Fatty acid storage and mobilization
--------------------------------------

The active FA pool available for cancer cell growth and proliferation can be changed by diverting FAs to storage or by blocking FA release from storage. Most cells store FAs in TAGs in the cytosolic lipid droplets. Although increased numbers of lipid droplets have been reported in many cancer cells,[@b34-jcp-21-209] the exact role of lipid droplets in cancer is still unclear. The synthesis of TAG is initiated with successive esterification of the hydroxyl groups with various FAs on the glycerol-3-phosphate backbone. These acylation processes are sequentially catalyzed by glycerol-3-phosphate acyltransferases (GPATs), 1-acylglycerol-3-phosphate-O-acyltransferases (AGPATs), and diacylglycerol acyltransferases.[@b35-jcp-21-209] Agarwal[@b36-jcp-21-209] showed that different isoforms of AGPATs are upregulated in a variety of cancers.

Storage lipids provide a reservoir of FAs that can be mobilized for energy generation of cancer cells through the action of lipases, such as hormone-sensitive lipase, adipose triglyceride lipase, and monoacylglycerol lipase (MAGL). The FAs derived from lipolysis can also serve as precursors for important signaling intermediates of lipids. Nomura et al.[@b37-jcp-21-209] showed that the expression of MAGL is highly increased in aggressive human cancer cells and primary tumors, in which it regulates a FA network enriched in oncogenic signaling lipids that promotes migration, invasion, survival, and tumor growth.

ANTICANCER AGENTS TARGETING LIPID METABOLIC REPROGRAMMING
=========================================================

Since FAs are essential for cancer cell proliferation and survival, limiting their lipid pool availability might provide a promising therapeutic strategy. Some of the recently developed small-molecule agents targeting the lipid metabolic enzymes and upstream signaling transcription factors that linked to cancer treatment are shown in [Table 1](#t1-jcp-21-209){ref-type="table"}. Inhibitors directly targeting lipogenic enzymes, such as FASN, ACLY, and ACC, have been the subject of intense studies, and their efficacy as anticancer agents has been proven in various models of cancers.

1. Fatty acid synthesis
-----------------------

Early studies demonstrated that FASN is a particularly attractive therapeutic target because most cancer cells depend on FASN-mediated de novo FA synthesis, whereas most normal cells prefer exogenous sources. Several chemical inhibitors of FASN have been developed and evaluated in preclinical models. An anti-fungal antibiotic, cerulenin, is the first known FASN inhibitor. It is a potent non-competitive irreversible inhibitor of FASN by binding to the active site of β-ketoacyl reductase domain of FASN.[@b38-jcp-21-209] Cerulenin significantly reduces cancer cell FA synthesis and induces the regression of established tumors.[@b39-jcp-21-209] Similarly, the semi-synthetic analogue of cerulenin C75 shows anti-tumorigenic activity in xenograft models of human cancers.[@b9-jcp-21-209] An anti-obesity drug orlistat is also reported to inhibit FASN and to suppress growth of xenografts in mice.[@b40-jcp-21-209] However, orlistat has a poor solubility and oral bioavailability, thereby its clinical application for systemic use in cancer treatment is limited.[@b41-jcp-21-209] In addition, an antimicrobial agent triclosan[@b42-jcp-21-209] and GSK2194069[@b43-jcp-21-209] have been shown to have a potent inhibitory activity in FASN. Recently, Alwarawrah et al.[@b44-jcp-21-209] showed that Fasnall, a novel thiophenopyrimidine-based FASN inhibitor, exerts potent antitumor activity against various breast cancer cell lines and is well tolerated in mice. Moreover, Fasnall reduces tumor volume and increases survival in a mouse breast cancer model. Until now, the majority of studies targeting lipid metabolic reprogramming have focused on FASN, however, it seems that the adverse side effects of FASN-targeting agents have precluded their clinical development.

The increased activity and expression of ACLY in cancer cells also suggest that the inhibition of ACLY may be a promising approach for cancer therapy. Several inhibitors of ACLY have been primarily evaluated for their ability to block FA or cholesterol synthesis. Pharmacological inhibition of ACLY by SB-204990 efficiently blocks cancer cell growth and cell cycle entry, and suppresses tumor growth in xenografts.[@b45-jcp-21-209] Soraphen A, a natural macrocyclic polyketide which have a potent ACC inhibitory activity, induces apoptosis of prostate cancer cells.[@b46-jcp-21-209] However, a contradictory result has been observed with ACC inhibition by 5-(tetradecyloxy)-2-furoic acid (TOFA) in breast cancer cells.[@b47-jcp-21-209] The inhibition of SCD1 by BZ36 impairs FA synthesis and restrains tumor growth in preclinical cancer models[@b48-jcp-21-209] without affecting overall body weight. Additionally, A939572, a SCD1 inhibitor, delays tumor growth in a human gastric cancer xenograft model.[@b49-jcp-21-209]

Targeting master transcriptional factors may be an efficient strategy to inhibit and suppress cancer growth. Fatostatin, a chemical SREBP inhibitor, has been found to suppress prostate cancer cell proliferation and reduce tumor growth.[@b50-jcp-21-209] In addition, the natural compound betulin, which inhibits SREBP activation, has been shown to have broad spectrum of anticancer activity in vitro and in vivo.[@b51-jcp-21-209] Inhibition of ACS by Triacscin C significantly induces apoptosis in p53-defective human cancer cells and suppresses growth of xenograft tumors.[@b52-jcp-21-209]

2. Fatty acid oxidation and mobilization
----------------------------------------

In some cancer types, increased FA oxidation may limit FA availability. On the other hand, the use of CPT1 inhibitor, etomoxir, has been found to be beneficial in FA oxidation-dependent tumors, notably in prostate cancer.[@b53-jcp-21-209] Recently, perhexiline, an antianginal drug that inhibits CPT, has been shown to be highly effective in killing chronic lymphocytic leukemia cells in stromal microenvironment at clinically achievable concentrations and significantly prolonged animal survival.[@b54-jcp-21-209] Takeuchi and Reue[@b55-jcp-21-209] showed that elevated expression of AGPAT2 is associated with poor prognosis of ovarian cancer cells, and an AGPAT2 inhibitor CT-30501 has antitumor activity in xenograft model. MAGL hydrolyzes intracellular TAGs stored in adipocytes and other cells to FAs and glycerol. Pharmacological inhibition of MAGL by JZL184 decreases free FA levels and impairs cancer pathogenicity of melanoma and ovarian cancer cells.[@b37-jcp-21-209] Interestingly, the impairments in MAGL-dependent tumor growth are rescued by a high-fat diet, indicating that exogenous sources of FAs can contribute to malignancy in cancers lacking MAGL activity.

CONCLUSION
==========

Advancements over the past decades have shown that cancer cells reprogram their lipid metabolism to facilitate growth and proliferation. Therefore, the signaling pathways controlling the aberrant lipid metabolism in cancer are attractive targets for cancer therapy. The elevated expression and activity of FASN in most types of cancer cells and the important role of FASN in maintaining cancer phenotype, cell growth and survival indicate that FASN is considered as a promising therapeutic target for cancer treatment. Numerous efforts show that the pharmacological inhibition of FASN is effective in vitro and in xenograft models. Although the results of these studies are encouraging, the problem of predictable side effects of targeting FASN still remains. In addition, cancers are diverse in type and lipid metabolism is complex, with many different feedback mechanisms and points of regulation. Therefore, further investigation on the regulation of signaling pathways of lipid metabolism in cancer cells may provide rational targets for therapy, and defining the role of diverse lipid signaling molecules will offer novel therapeutic opportunities for the development of anticancer drugs.

This work was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (NRF-2016-R1A2B4015866) to J-Y Cha and by the Gachon University Gil Medical Center Research Fund (FRD2013-17) to H-J Lee.

**CONFLICTS OF INTEREST**

No potential conflicts of interest were disclosed.

![Overview of cellular lipid metabolic pathways. Glucose- or glutamine-derived citrate is first converted to acetyl-coenzyme A (acetyl-CoA) by ATP-citrate lyase (ACLY). Acetyl-CoA can also be synthesized from acetate, which is taken up from the environment or provided by intracellular sources. Acetyl-CoA is carboxylated to malonyl-CoA and condensed by fatty acid (FA) synthase (FASN) in a repeat reaction to generate palmitate. Palmitate is then elongated by FA elongases (elongation of very long chain fatty acids, ELOVLs) and desaturated at the Δ9 position by stearoyl-CoA desaturases (SCDs). FAs generated through de novo synthesis and from exogenous uptake make up the pool of intracellular FAs. These FAs can be used for energy storage, membrane synthesis, and signaling processes. Activated FAs (fatty acyl-CoA) are converted into FA carnitines by carnitine palmitoyl transferase 1 (CPT1) and broken down by mitochondrial β-oxidation. Enzymes upregulated or activated in cancer are marked with an asterisk. GLUT, glucose transporter; G6P, glucose-6-phosphate; G3P, glyceraldehyde-3-phosphate; PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid; DGAT, diacylglycerol acyltransferase; GPAT, glycerol-3-phosphate acyltransferase; AGPAT, 1-acylglycerol-3-phosphate-O-acyltransferases; PAP, phosphatidic acid phosphatase; ACC, acetyl-CoA carboxylase; ACSS2, cytoplasmic acetyl-CoA synthetase; FADS, fatty acid desaturase; MCT, monocarboxylate transporter.](jcp-21-209f1){#f1-jcp-21-209}

###### 

Small-molecule inhibitors targeting lipid metabolic pathways for cancer treatment

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Target                                              Compound                                                                     Mechanism of action                                 Effect
  --------------------------------------------------- ---------------------------------------------------------------------------- --------------------------------------------------- --------------------------------------------------------------------------------
  Fatty acid synthase (FASN)                          Cerulenin and its derivative C75, C93                                        Inhibition of β-ketoacyl synthase activity          Inhibition of proliferation, induction of apoptosis, reduction of tumor growth

  Orlistat                                            Inhibition of thioesterase activity                                          Induction of apoptosis, reduction of tumor growth   

  GSK2194069                                          Inhibition of β-ketoacyl reductase domain                                    Reduction of tumor growth                           

  Triclosan                                           Inhibition of enoyl-acyl carrier protein reductase domain reductase domain   Induction of apoptosis, induction of senescence     

  Fasnall                                             Binding of co-factor sites of FASN                                           Inhibition of tumor growth                          

  ATP-citrate lyase (ACLY)                            SB-204990                                                                    Inhibition of ACLY                                  Inhibition of tumor growth

  Acetyl-CoA carboxylase (ACC)                        TOPA\                                                                        Inhibition of ACCs                                  Induction of apoptosis
                                                      Soraphen A                                                                                                                       

  Stearoyl-CoA desaturase (SCD)                       BZ36                                                                         Inhibition of SCD                                   Inhibition of tumor growth

  A939572                                             Reduction of tumor growth                                                                                                        

  Sterol regulatory element-binding protein (SREBP)   Fatostatin\                                                                  Inhibition of SREBP processing                      Inhibition of proliferation
                                                      Betulin                                                                                                                          

  Acetyl-CoA synthase (ACS)                           Triacscin C                                                                  Inhibition of ACSs                                  Induction of apoptosis, inhibition of tumor growth

  Carnitine palmitoyl transferase 1 (CPT1)            Etomoxir\                                                                    Inhibition of CPT1                                  Inhibition of proliferation
                                                      Perhexiline                                                                                                                      

  Acylglycerolphosphate acyltransferase (AGPAT)       CT-32501                                                                     Inhibition of AGPAT2                                Inhibition of tumor growth

  Monoacylglycerol lipase (MAGL)                      JZL184                                                                       Inhibition of MAGL                                  Induction of apoptosis
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
